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TD-CDMA: One Air-Interface Two Duplexing Methods
1 Introduction and Background
The support of broadband services in the mobile domain requires the wireless access technology to meet a similar set of requirements as those defined for the fixed line technologies. The user expectation for broadband services has been set by fixed line technologies and to keep the expectation continuity this must be maintained when the user is mobile. The high level requirements for mobile broadband are low latency, high throughputs, including average and cell edge, and an inherent support for a large active user base. All three requirements are tightly coupled and depend on many factors.

UTRA TDD (TD-CDMA) meets all these requirements. High throughputs are achieved through the use of multiuser detection (MUD) on both uplink and downlink, low latency and a large active user base is simultaneously achieved as there are no fundamental requirements for support of dedicated channels [1].   

In 3GPP there are two duplexing modes supported, Frequency Division Duplex (FDD) and Time Division Duplex (TDD). The air-interface selected for FDD mode is Wideband Code Division Multiple Access (W-CDMA) and the air-interface selected for TDD mode is Time Division Code Division Multiple Access (TD-CDMA).The main advantages of using TDD mode as a duplexing method are:

1. Exploitation of channel reciprocity, e.g Transmit Diversity and UL power control. 

2. Single carrier operation enables deployment in heavily fragmented spectrum.

3. Variable UL/DL switching point enables tailoring of spectrum usage to traffic scenarios.

Whilst these are desirable features, it’s predominantly the TD-CDMA air-interface that achieves the requirements for mobile broadband and not the TDD duplexing method. The fundamental building blocks of TD-CDMA are essentially independent of the duplexing mode: TD-CDMA is equally applicable to FDD mode. Difficulties in WCDMA in terms of MUD and support of dedicated channels mean that significant changes to the technology are required to meet the requirements for mobile broadband. These changes will ultimately evolve WCDMA to have many of the attributes of TD-CDMA From a timescale perspective this is not feasible given the emergence of other mobile wireless technologies such as WiMAX.

An evolution of UTRAN to support TD-CDMA in both duplexing modes means that mobile broadband is possible in paired spectrum, using technology that is already specified in the 3GPP specifications and has already been proven in the field. We will show that the requirements for UTRA FDD (TD-CDMA) are relatively straightforward requiring minimal changes to the specifications and more importantly to legacy infrastructure. As we will show, the additional benefits for paired spectrum allocations are substantial and coupled with a common TD-CDMA air-interface that supports both duplexing modes we have an air-interface technology that is highly flexible for future evolutions of the standard. We believe that TD-CDMA provides a path to rapid commercialisation of mobile broadband in paired spectrum allocations. 

2 Benefits of TD-CDMA
Whilst WCDMA and TD-CDMA share common protocol stacks, in many respects the multiple access component of TD-CDMA can be considered as being substantially different to WCDMA. Short codes are employed rather than long codes, a burst structure consisting of disjoint data and midamble fields are used rather than slot formats, midamble shifts are used rather than pilots, and transmission is in discrete timeslots rather than continuous radio frames. This applies to both the downlink and the uplink providing for the support of shared channels in both directions. Whilst other techniques can improve average and peak downlink improvements only a technology similar to TD-CDMA can overcome problems associated with discrete uplink transmissions.
2.1 Support for MUD

The short codes in TD-CDMA are rich in algebraic structure whereas in WCDMA long PN sequences are employed that are random in nature [2]. The midamble sequences used in the TD-CDMA burst enable efficient channel estimation and are disjoint and hence orthogonal with the data carrying portion of the signal. In WCDMA, the pilot is a continuous transmission and hence shares power and interferers with the data carrying portion of the signal. It is these simple, yet effective features of TD-CDMA that enable the efficient implementation of MUD for both uplink and downlink.
· Downlink MUD: Mitigates both intracell and intersymbol interference and so improves the C/I. This manifests itself as increase in average sector throughput. In addition, downlink MUD means there is no requirement for support of soft handover and so the code space can be 100% allocated to intracell users. From a UTRAN perspective, the lack of soft handover reduces the backhaul requirements not only in terms of bandwidth but also cost. Other benefits include efficient implementation of transmit diversity through the use of default midamble allocation scheme.

· Uplink MUD:  Also mitigates both intracell and intersymbol interference and so improves the C/I. Again this manifests itself as an increase in average sector throughput. In addition, removal of intracell interference means an improved rise-over-thermal and so improved cell outage and link budget. Other benefits from uplink MUD include relaxed uplink power control requirements, and support for low spreading factors for high rate bearers. 
· Single code transmission on the uplink is extremely important from a UE battery perspective. Maintaining a single code transmission on the uplink means low peak to average power ratio, and hence efficient uitilisation of the available UE transmit power. When using a low spreading factor, the intersymbol interference can be significant under typical dispersive channels. Under this scenario, Rake receivers suffer from irreducible error floors and hence the use of short spreading factors is limited. MUD mitigates intersymbol interference and does not suffer from this problem.
· TD-CDMA and its support for MUD provide a natural evolutionary path for MIMO systems. The TD component of TD-CDMA resolves the backward compatibility issues for legacy terminals which are encountered in WCDMA systems and a typical TD-CDMA MUD extends in a straightforward manner for MIMO operation.  

2.2 Support for Intercell Interference Mitigation

When comparing cellular technologies, two of the key performance indicators (KPIs) are the average sector throughput and the achievable cell edge rate for a target cell outage. We note that peak throughput is a secondary KPI and is generally not indicative of the true system performance. For example, most operators provide some of form of service level agreement (SLA) to their customers; this is guaranteed bit rate throughout the cell. Whether we can achieve 14Mbps at 100m from the cell site is incidental, the KPI that essentially sets the SLA is the rate that can be achieved at the cell edge under typical cell outages of between 5% and 10%.
3GPP features such as HSDPA and HSUPA have focused on increasing the average sector throughput. Users at the edges of cells (in poor C/I) degrade overall sector throughput due to the far heavier burden they place on system resources, when compared to users with good C/I. By improving link performance for cell edge users, sector throughput may therefore be drastically improved. To improve the cell edge rate and achieve true broadband SLAs requires the suppression of both intracell and intercell interference. The objective is to achieve throughputs both average and cell edge throughputs that approach a network employing a frequency reuse plan (N > 1), but without the associated bandwidth expansion. 
TD-CDMA inherently supports mitigation of intercell interference. Existing architectures in TD-CDMA that are currently employed for mitigating intracell interference, such as the minimum mean-square-error (MMSE) block linear equalizer can be evolved in a straightforward manner to mitigate both intracell and intercell interference. We refer to this scheme as Generalised MUD (GMUD). The gains from mitigating intercell interference can be substantial providing a step response in system performance. 
2.3 Time Division (TD) Component
The TD component of TD-CDMA allows the network to be run in different ways in different timeslots. This feature of TD-CDMA has many benefits. Examples where this feature offers benefits include:

· backward compatibility between air interface technologies is elegantly supported by segregation of air interfaces into timeslots. For example, backwards compatibility issues with MIMO are directly resolved in TD-CDMA where Release 5 UEs and MIMO UEs may be assigned to different timeslots ensuring that there is no voice service degradation from the support of MIMO. The air interface may be changed more radically between timeslots to encompass for example OFDM techniques in some timeslots, UTRA TDD modes in other timeslots etc.

· interference can be better controlled in a time-slotted system. As an example, some timeslots may be used in an N=1 re-use pattern whereas other timeslots may be used in an N=3 timeslot re-use pattern. Use of such a mixed re-use pattern allows for high capacities for both cell centre users (served in N=1 timeslots) and cell edge users (served in N=3 timeslots – these users witness a C/I gain that more than compensates for the timeslot re-use factor). Another example of interference control is dynamic channel allocation whereby voice users can be assigned timeslots so as to minimise interference in the network.

· transmissions within timeslots can be optimized to account for the nature of the channel. As an example, in UTRA TDD mode, the length of the midamble can be changed from timeslot to timeslot. This allows the network to ensure that a robust midamble is applied for cell edge users while system resources are not wasted by transmission of unnecessary midamble bits to cell centre users.

· in UTRA TDD modes, some timeslots may be used in the downlink whereas others may be used in the uplink. This flexibility offered by TD-CDMA allows the ratio of uplink to downlink resource to be configured to match the types of service being offered by the operator. This feature also allows UTRA TDD mode to be used in unpaired spectrum. 
· measurements on neighbour cells are easily achieved since transmissions to a UE are discontinuous in TD-CDMA (in a timeslot when a UE is not listening to its serving cell, it may make measurements on neighbour cells). There are no compressed mode issues with TD-CDMA. 
2.4 Shared Channels

There are no fundamental requirements for the support of dedicated channels in TD-CDMA. The uplink MUD in TD-CDMA is capable of supporting receptions at differing power levels, hence there is no requirement to tightly power control the uplink. As a consequence, the need for regular TPC feedback with TD-CDMA is reduced.  Without a requirement for tight power control in the uplink, the requirement for the support of dedicated channels does not exist with TD-CDMA. The burst nature of TD-CDMA technology means that TD-CDMA transmissions are self-supporting (they carry all the fields necessary to support channel estimation, data transmission, power control etc.). As dedicated channels are not fundamental to the operation of TD-CDMA, UTRA TDD mode includes broad support for shared channels. Indeed, UTRA TDD mode can be operated in Cell FACH state where dedicated channels are not assigned to UEs and such operation greatly increases the number of users that can be simultaneously supported per cell.
2.5 Higher Chip Rates

It has been demonstrated that TD-CDMA is readily amenable to the support of multiple chip rates [3]. Support of these multiple chip rates brings benefits in terms of cell throughput and user experience. Support of chip rates other than 3.84Mcps can be achieved in a backwards compatible manner as discussed above. There are straightforward paths to supporting chip rates that are a multiple of 3.84Mcps (such as 7.68Mcps, 11.52Mcps, 15.36Mcps etc.). These higher chip rates fit extremely well into the fragmented spectral allocations that are to be found in many regions of the world (for example the 3.4GHz to 3.6GHz spectrum in the UK and the 2.5GHz to 2.68GHz spectrum in the USA). The nature of TD-CDMA allows different chip rates to be supported in uplink and downlink directions (allowing for pairing unequal spectral allocations in the uplink and downlink). The ability of TD-CDMA to support multiple chip rates is further explored in [4]. 
3 UTRA FDD (TD-CDMA)
UTRA FDD (TD-CDMA) has all the benefits of TD-CDMA described above and more. For operators with multiple contiguous FDD pairings the possibility of higher chip rates, such as 7.68Mcps becomes an immediate reality. Since TD-CDMA can operate in both duplexing modes there are additional benefits on top of those benefits solely associated with TD-CDMA. We now consider these additional benefits.
3.1 Variable duplex spacing

When TD-CDMA terminals are operating in paired allocations they do not transmit and receive at the same time and therefore there is no requirement for fixed uplink and downlink bands in the RF filters. TD-CDMA terminals only require basic operational-band filters that define the operational frequency band or bands in which the UE can operate. There is no requirement to further sub-divide these bands into uplink and downlink allocations, thus TD-CDMA terminals allow a much greater degree of flexibility when combined with variable duplex technology than their UTRA FDD (WCDMA) counterparts for which variable duplex technology was conceived.
UTRA FDD (WCDMA) terminals have the additional constraint that requires them to transmit and receive simultaneously. This additional requirement forces the terminal to use RF duplex filters. Since these filters must be designed and developed a significant time in advance of any potential commercial roll-out, the uplink and downlink bands in which the variable duplex UE can operate must be defined and agreed well in advance. The same core frequencies must also be made available across all countries in which services can roam.
Whilst variable duplex for UTRA FDD (WCDMA) terminals does increase flexibility above a fixed duplex system, there are still significant restrictions that limit the flexibility. For example the total amount of spectrum available to either uplink or downlink is fixed at the time the uplink and downlink bands are defined. They can not be changed at a later date without a significant system impact.

3.2 Interference

Issues associated with Management of UE-UE interference arise when unpaired spectrum allocations are immediately adjacent to paired spectrum bands. A prime example of this is the 1920MHz boundary for the IMT2000 UMTS core bands. It is possible to apply site engineering solutions to ensure that base station to base station interference is controlled, however it is more difficult to address the small number of individual UEs that may interfere due to UTRA FDD UEs being in close proximity to UTRA TDD UEs.

If TD-CDMA mode was used in both the paired and unpaired spectrum in the vicinity of 1920MHz, the probability of individual UEs being blocked would be significantly reduced due to the use of individual timeslots on each carrier. In the cases where a UE is being blocked, relatively simple extensions to existing DCA algorithms can be designed to provide suitable escape mechanisms for victim UEs. For example one escape mechanism could attempt to force UEs in proximity on adjacent frequencies to transmit in the same timeslots thus preventing the UE in the unpaired spectrum from being blocked by the transmission from the UE in the paired spectrum.

The overall result is the complete management of paired and unpaired spectrum allocations without the need for guard bands.  This benefit is instantly transferable to the IMT2000 extension band where the paired and unpaired spectrum allocations have been defined but the guard bands are currently undefined and may be left to national administrations to define as they see fit. Permitting the TD-CDMA air interface to operate in both paired and unpaired spectrum would offer an instant solution to the classical co-existence problem.

3.3 Common Air-Interface
A common air-interface simplifies measurements for support of handover between TDD and FDD carriers since the baseband technology is common for both duplexing methods. From an ASIC development perspective, having a common air-interface for both duplexing modes means a single baseband processing element in the terminal. This reduces costs when compared to a dual mode (TD-CDMA, WCDMA) ASIC development. 
4 UTRA FDD (TD-CDMA) Operation
UTRA FDD (TD-CDMA) is based on the TD-CDMA air-interface with the simple change that uplink and downlink communications take place on different frequency radio carriers. The requirement for at least one uplink and one downlink slot on a single RF carrier frequency is removed. One RF carrier exclusively carries only downlink timeslots and one carrier carries only uplink timeslots.
In order to support full timeslot occupancy on both uplink and downlink carriers, the base station will be required to operate in full-duplex mode, i.e. it will be required to transmit on the downlink carrier and receive on the uplink carrier simultaneously. In this respect the base station radio implementation greatly resembles an UTRA FDD (WCDMA) base station and as such, from an RF perspective this does not require any new technology to be developed. Moreover, given the high degree of harmonisation between UTRA TDD and UTRA FDD technologies, legacy infrastructure is readily amenable to a UTRA FDD (TD-CDMA) upgrade. A software upgrade would be required on the RNC and Node B for layer 3, layer 2 and Iub processing. The WCDMA baseband processing cards in the Node B would be replaced with TD-CDMA baseband processing cards. There would be no SW upgrade required for the CN and the Iu interface.
UE complexity can be reduced by restricting the operational mode to half-duplex. This means that the UE will use different frequencies for the uplink and downlink, but the UE will not transmit and receive at the same time. This removes the requirement for high-loss duplexers after the PA and before the LNA gaining the benefits of better transmitter efficiency and lower noise figure seen with TDD terminals when compared against their WCDMA counterparts. An improvement of 3dB to 4dB would be typical.
Full timeslot occupancy in the system is achieved by simple scheduling of resource to UEs, so that different UEs use UL and DL on different timeslots. This timeslot usage is managed by the resource allocation functions running at the RRM in the RNC. Additional UE capability definitions are required to inform the network of the capabilities of the UE such as unpaired spectrum bands supported, paired spectrum bands supported, variable-duplex capability etc.

An example of this cross-UE timeslot occupancy is illustrated in Figure 1. Note that there are many permutations of possible timeslot allocations and this diagram is only used for an example of how full-timeslot occupancy can be obtained with two UEs. In practical systems the timeslot occupancy would be managed over all timeslots in a multi-frame period.

The allocation of timeslots over a multi-frame allows UEs time to read BCH to obtain fast changing information elements in system information without the need to continuously monitor P-CCPCH in every frame. Similarly, different UEs may read S-CCPCH in some frames and could then be allocated uplink traffic in the same timeslot in later frames of the multi-frame period.  

Also illustrated is the alignment of the P-CCPCH channel in downlink and PRACH channel in UL. Again this is not a mandatory requirement, but the co-incidence of DL beacon and UL RACH may offer some benefits as the PRACH timeslot is not used for dedicated resource and it is always therefore shared between all users and as such it is a good compliment for broadcast channels in the DL. Individual UEs are also in control of their PRACH transmissions, and therefore the UE is best placed to make the decision between receiving P-CCPCH or transmitting PRACH.


[image: image1]
Figure 1 FDD TD-CDMA timeslot occupancy

4.1 Requirements for Standardisation of UTRA FDD (TD-CDMA)
Since this is not a new air-interface, but an evolution from an existing air-interface for support of both unpaired and paired spectrum allocations, the changes required to the standard are not substantial. RRM procedures in UTRA TDD (TD-CDMA) that exploit channel reciprocity such as the inner-loop of uplink power control and downlink transmit diversity require modification for support of FDD mode. Changes to the standards are required to enable operation of these RRM techniques in FDD mode. It is proposed that the existing UTRA TDD specifications are upgraded to support an FDD variant, rather than modifying the existing UTRA FDD (WCDMA) specifications.
In terms of RAN1, the main impacts are in the area of physical layer procedures. Support of TPC commands on the DL required for UL power control (note: these are already present for 1.28Mcps TDD) and support of uplink feedback information for support of transmit diversity are required. Impacts to RAN 2 specifications again are mainly in the RRM procedures highlighted above, support for handover between TDD (TD-CDMA) and FDD (TD-CDMA) and support for both paired and unpaired spectrum. RAN 3 would have similar impacts as RAN 2. Since the modulation symbols in WCDMA and TD-CDMA are identical it is anticipated that the changes required to RAN 4 would be minimal.
5 Performance Roadmap

Below we show the performance roadmap for UTRA FDD and UTRA TDD employing the common TD-CDMA air-interface. For UTRA FDD (TD-CDMA) we employ the same framing as defined in section 4. For UTRA TDD (TD-CDMA) we have employed 8 downlink time slots for traffic and 4 uplink time slots for traffic. The remaining time slots are used for signaling. For the downlink case 3.84Mcps we see that the improvement in average sector throughput can be substantial when applying TD-CDMA to paired spectrum allocations (the improvement is due to the greater number of downlink timeslots). We note that for Release 5 the performance of TD-CDMA HSDPA is equivalent to WCDMA HSDPA and OFDM HSDPA.

This is increased significantly when employing the 7.68Mcps chip rate. Note the 7.68Mcps performance figures relate to the performance that would be achieved at 7.68Mcps using R99/R5/R6 features of the UTRA TDD standard.

We see a similar trend for the uplink case. Typically using Release 99 channels we see an increase in the uplink average sector throughput from 520kbps to 1.82Mbps when moving TD-CDMA from TDD to FDD duplexing mode.

[image: image2]
Figure 2 Average Downlink Sector Throughput
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Figure 3 Average Uplink Sector Throughput
6 Conclusion

A common air-interface, TD-CDMA, can be used for both paired and unpaired spectrum allocations. For operators with paired spectrum allocations the benefits are substantial: all the benefits of TD-CDMA, including support for MUD on both UL and DL, with the capability for intercell interference mitigation, support for variable duplex spacing, and support for multiple chip rates, to name but a few. All these features add up to a solution that enables operators with paired spectrum allocations to provide a highly flexible system that can evolve naturally not only from a technology perspective but also from a spectrum regulatory and availability perspective. The path to UTRA FDD (TD-CDMA) evolution is straightforward and does not require substantial changes to the existing UTRA TDD (TD-CDMA) specifications. The fundamental elements of TD-CDMA have been proven in the field and have been shown to meet the requirements for mobile broadband. The performance roadmap has shown that substantial gains in average sector throughput are possible if TD-CDMA is employed in paired spectrum allocations. We propose TD-CDMA as the common air-interface for mobile broadband in unpaired and paired spectrum allocations.
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